It is generally known that the culture for mycoplasma is time-consuming and a variety of nutrients are needed in the culture medium. This brings a lot of difficulties to mycoplasma research and application, including Mycoplasma mycoides subsp. capri (Mmc). Furthermore, little research on the characteristics of Mmc metabolism has been reported. In this study, Mmc PG3 strain cultures were investigated for dynamic gene expression. Culture samples were harvested during logarithmic phase (PG3-1), stationary phase (PG3-2), decline phase (PG3-3) and late decline phase (PG3-4). Twelve RNA samples (three replicates for each of the four growth stages considered) from these cultures were collected and sequenced. Paired comparison between consecutive growth phases in the four growth stages showed 45 significant differentially expressed genes (P<0.01) were linked to PG3 metabolism. The enzymes these genes coded were mainly involved in ATP synthase, pyrimidine metabolism, nicotinate and nicotinamide metabolism, arginine and proline metabolism. Among these, cytidylate kinase, fructose 1,6-bisphosphate aldolases Class II, nicotinate-nucleotide adenylyltransferase and dihydrolipoamide dehydrogenase play a key role in Mmc metabolism. These results provide a baseline to build our understanding of the metabolic pathway of Mmc.
Introduction
Mycoplasma mycoides subsp. capri (Mmc) mainly causes "MAKePS" (Mastitis, Arthritis, Keratoconjunctivitis, Pneumonia, Septicemia) in goats (Corona et al. 2013) , which threatens a great number of goat populations throughout the world and causes considerable economic losses in goat production (Xu et al. 2014) .
Mycoplasma is the smallest and simplest self-replicating bacteria (Razin et al. 1998) . Due to the limited genome size, a variety of nutrients are needed in its culture medium, and the culture for mycoplasma is time-consuming, including Mmc. This limits the conventional identification methods such as bacterial culture, growth inhibition test, growth precipitation test, agglutination test, and antigen preparation, since bacterial culture is considered to be a "gold standard" for detecting pathogen, and the use of vaccines is an effective approach for preventing and controlling the disease. Furthermore, there are few effective quarantine measures, inactivated vaccines and attenuated vaccines for these diseases up to now.
Due to the reduced genome, the metabolic network of mycoplasma has been shown to be simple and linear in comparison with more complex organisms such as Escherichia coli (Yus et al. 2009; Maier et al. 2013; Wodke et al. 2013) . There is no meaning to compare mycoplasma with E. coli. In addition, little research about Mmc metabolism in its life cycle was reported. Therefore, the identification of enzymes, which the differently expressed genes coded, involved in metabolism during its life cycle of Mmc, will be novel.
RNA sequencing (RNA-seq) technology has been proven to be a powerful tool for transcriptome analysis. It can accurately quantify transcripts with low expression levels (Croucher and Thomson 2010; Sorek and Cossart 2010) . Up until now, the transcriptomes of few species of mycoplasma were investigated by high-throughput technology, but information on transcriptome of Mmc metabolism is scarce. RNA-seq studies provide the opportunities to identify numerous enzymes which were important for Mmc growth. In the meanwhile, comparisons between growth stages of Mmc at different culture times will provide a dynamic gene expression for in-depth understanding of its metabolism regulation.
In this study, RNA-seq was performed to characterize the genes linked to metabolism of Mmc during four different growth stages. Based on sequencing, about 2 GB of high-quality sequence data were obtained. The data were annotated and functionally classified by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. We identified a number of genes encoding enzymes involved in Mmc metabolism. This study of Mmc contributes to uncovering the regulation of genes related to metabolism during its life cycle, and may serve as a valuable basis to solve the problem that why mycoplasma is difficult and timeconsuming to culture in the future.
Materials and methods

Strain and culture
The Mmc strain PG3 that was used in our laboratory was isolated from Turkey. It was obtained from the China Veterinary Microbial Culture Collection (CVCC). Strain PG3 was resuscitated and cultured in a modified Hayflick's broth (1.0 g L -1 glucose, 21.0 g L -1 PPLO, 0.4 g L -1 sodium pyruvate, 10 mL 25% (w/v) yeast extract, 200 mL donor equine serum (Hyclone; Logan, UT, USA), 10 mL 10 000 IU mL -1 penicillin-G, and 2.5 mL 0.4% (w/v) phenol red, pH 7.6-7.8 adjusted with 0.1 mol L -1 sodium hydroxide) at 37°C, in a 5% CO 2 atmosphere. Solid medium was prepared by adding 1% (w/v) agar to the modified Hayflick's broth.
Determination the growth curve of PG3
The experiments were performed by colony-forming unit (CFU) method. To initiate experiments, 200 μL of PG3 suspension (1.3×10 6 CFU mL -1 ) was inoculated into 1.8 mL of medium and cultured for 90 h, we used a 6-h collection interval. In this way, bacterial suspensions were 10-fold diluted up to 10 -12 . For each dilution, 0.1 mL of bacterial suspension was seeded in solid medium and cultured at 37°C for 5 days. At the end of the incubation, the number of colonies was counted using a microscope. All cultures were performed three times and the colony counts were carried out in duplicate for each dilution. The growth curve of Mmc PG3 strain was drawn by plotting the logarithm of the number of colony counts for each dilution on the Y-axis and the sampling times on the X-axis.
RNA isolation, library construction, and sequencing
For RNA isolation, the cells were harvested during the logarithmic phase (PG3-1), stationary phase (PG3-2), decline phase (PG3-3), and late decline phase (PG3-4) after an incubation time of 18, 35, 58, and 83 h, respectively. All cultures were carried out three times. The harvested cells were stored at −80°C (for no longer than 24 h) prior to RNA isolation.
The total RNA of the above samples was isolated using the RNAprep Pure Cell/Bacteria Kit (Tiangen, Beijing, China) following the manufacturer's instructions. RNA quality was checked using RNase-free agarose gel electrophoresis and determined with a Bioanalyzer 2100 (Agilent, Palo Alto, USA). The concentration of total RNA was measured using a ND1000 spectrophotometer (Thermo Scientific, Massachusetts, US) at 260 and 280 nm. Then, samples were sent to LC Bio. Tech. (Hangzhou, China) for further processing.
Total RNA samples (10 μg) were subjected to further purification with the Ribo-Zero Magnetic Kit (Illumina, San Diego, US) that enriched mRNA and removed rRNA. Following purification, the fraction was fragmented into small pieces using Truseq TM RNA Sample Prep Kit (Illumina, San Diego, US). Strand-specific libraries were prepared using a dUTP second-strand marking protocol with reagents from Invitrogen (Massachusetts, US). The first-strand cDNA was synthesized from 400 ng of precipitated fragmented RNA using 3 μg of random primers, 4 μg of actinomycin D and Superscript III reverse transcriptase (Thermo Scientific, Massachusetts, US). After the extraction and precipitation of the first strand, the second-strand cDNA was synthesized using dUTP rather than dTTP, as previously described. Paired-end sequencing (2×150 bp) was performed on the Illumina HiSeq-2000 Platform (Illumina, San Diego, US). After the raw reads were generated, low-quality reads (reads containing sequencing adaptors; reads containing sequencing primers; nucleotides with a Q score lower than 20) were trimmed to obtain high-quality sequencing data (clean data) to ensure that subsequent analysis is carried out smoothly.
Differential expression analysis
According to the comparison method developed by the Beijing Genomics Institute (BGI, China), the probability of one gene being expressed equally between two samples was judged according to the P-value corresponding to the differential gene expression test and false discovery rate (FDR) (Audic and Claverie 1997; Benjamini and Yekutieli 2001; Li et al. 2014) . A FDR of 0.5% or less and a fold change ≥2 were set as the threshold for significant differential expression. Differentially expressed genes (DEGs) were identified as enriched in metabolic pathways (P<0.01) by searching against KEGG pathway database ( Kanehisa et al. 2006 Kanehisa et al. , 2008 Sun et al. 2014) .
Validation of RNA-seq analysis via RT-PCR
To validate genes that were differentially expressed, an independent experiment was conducted using real-time PCR (RT-PCR). Total RNA was used to synthesize cDNA using the PrimeScript™ RT Reagent Kit (TaKaRa, Dalian, China) according to the manufacturer's instructions. Primers that are designed for each gene are given in Table 1 . Primer specificity was determined using the melting curve analysis and agarose gel electrophoresis of PCR products. RT-PCR was performed using an Applied Biosystems 7500 with SYBR ® Premix Ex Taq™ (Tli RNaseH plus) and ROX plus (TaKaRa, Dalian, China) according to the manufacturer's protocol. The PCR cycles were as follows: 1 cycle of 30 s at 95°C, followed by 40 cycles at 95°C for 5 s, 54°C for 30 s, and 72°C for 34 s. After amplification, fluorescent data were converted to threshold cycle (C t ) values for analysis. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as the internal reference gene.
Results
Growth curve of PG3
The growth curve of PG3 showed that there was an obvious logarithmic phase from 12 to 24 h. At 24 h the stationary phase was reached. During this period, the number of PG3 mycoplasma colonies did not fluctuate significantly, maintaining a titer of about 1×10 10 CFU mL -1 . From 54 h, PG3 cultures entered the decline stage. After 84 h, cell number was less than 1×10 6 CFU mL -1 (Fig. 1) . Selection of sampling time was based on the growth curve of PG3, usually midpoint of each growing stage, like logarithmic phase and stationary phase, can be considered as sampling time. The decline phase of Mmc was extended with a fast drop of the culture titer between 54-66 h followed by a slower decline from 66-90 h. Thus for this phase, we chose two sampling times, one at 58 h and the second at 83 h.
Summary of RNA-seq data
To obtain a global view of the PG3 transcriptome, 12 mRNAs samples representative of the four growth stages (PG3-1, PG3-2, PG3-3 and PG3-4) of PG3 were harvested and subjected to high-throughput Illumina sequencing. After filtering out low quality reads and primer contamination, the number of properly paired reads among the 12 samples was between 13.7 and 37.7 million. A high proportion of the properly paired reads was mapped back onto the reference genome (M. mycoides subsp. capri PG3, GenBank: ANIV00000000.1) ( Table 2 ).
The RNA-seq analysis between the neighboring groups in the four growth phases revealed 337 DEGs. Among the 337 DEGs, 151 genes were up-regulated (37, 63 and 51) and 186 genes were down-regulated (56, 58 and 72). The distribution of these DEGs in the three comparison groups is shown below (Fig. 2) . Overall, the number of downregulated genes was higher than the up-regulated genes.
Metabolism characteristics of PG3
Differentially expressed genes (337) were subjected to the KEGG functional enrichment analysis. Forty-five DGEs were mapped to the metabolic pathways in PG3-1, PG3-2, PG3-3 and PG3-4 ( Fig. 3 ; Appendix A).
Among these, 32 genes were differentially expressed in PG3-1 vs. PG3-2, when the cells were cultured for 18 h compared with 35 h. Most genes were down-regulated (20 out of 32 genes). When the cells were cultured for 58 h, 14 genes were differentially expressed compared with the cells that were cultured for 35 h (PG3-2 vs. PG3-3). Again, a significant majority of genes was down-regulated (9 out of 14). Lastly, compared with the cells that were cultured for 58 h, 19 genes were differentially expressed at the stage of the cells that were cultured for 83 h (PG3-3 vs. PG3-4). Approximately half of them were down-regulated (9 out of 19 genes) (Fig. 4) .
The overlap in the metabolism-regulated expression patterns between the four growth stages was low ( Fig. 5 ; Table 3 ). Eight DEGs are the core genes of PG3-1 vs. PG3-2 vs. PG3-3 vs. PG3-4. DnaE (EXU60616), holB (EXU60063), and polA (EXU60617) are involved in purina metabolism. GltX (EXU60218) is linked to aminoacyl-tRNA biosynthesis. Pgi (EXU60445) encoded a member of the glucose phosphate isomerase protein family. Only one gene (pncB, EXU60614) was differentially expressed in the PG3-1 vs. PG3-2 vs. PG3-3. This gene encodes nicotinic acid phosphoribosyl transferase (NAPRTase, EC 6.3.4.21), which is a rate-limiting enzyme in the synthesis of NAD(H). It was up-regulated during PG3-2 and down-regulated during PG3-3. The up-regulation of NAPRTase increases biomass and the consumption rate of xylose (Jiang et al. 2014) . This enzyme exists during the early PG3 growth stage.
Three genes were differentially expressed in the PG3-2 Two genes, aguA (EXU60707) and arcB (EXU60776), are related to arginine and proline metabolism.
Validation of RNA-seq analysis via RT-PCR
To validate the RNA-seq results, an independent experiment was performed to confirm gene transcription via RT/q-PCR.
RNA samples were isolated, as previously described, reverse-transcribed, and analyzed. Five genes were randomly chosen from each comparable group, and the results were consistent with the RNA-seq data (Fig. 6 ). DEGs were chosen based on the RPKM (reads per kilobase per million mapped reads) value. Form blue to red, the RPKM value is higher and higher. Gray means not significantly expressed. 
Discussion
Mycoplasmas have a limited genome size. Thus, they require a large array of precursors and high concentrations of serum and energy sources. Mycoplasma media contain peptone, beef heart infusion, DNA and/or aqueous yeast extract, animal serum, and sodium chloride. Even in such complex media, mycoplasma growth rates and yields are typically low, and broth cultures of many mollicutes do not reach visible turbidity. Therefore, the research on metabolic characteristics of mycoplasmas is in significant demand. In pyrimidine metabolism, Pachkova et al. (2007) showed that cytidine is the precursor for the production of all pyrimidine nucleotides in Mycoplasma pneumoniae and also in M. mycoides subsp. mycoides. In general, 2 out of 4 routes for RNA synthesis are cytidine→CMP→CDP→CTP→RNA and uridine→UMP→UDP→UTP→RNA. In our study, cytidylate kinase, which catalyzes the CMP→CDP and UMP→UDP syntheses, was down-regulated in PG3 when the cells were cultured for 35 h. Meanwhile, cytidylate kinase catalyzes the dCMP→dCDP synthesis. Further, the down-regulated enzyme indirectly inhibits the synthesis of RNA and DNA and is detrimental to the cell growth. Moreover, these pathways are essential for the synthesis of RNA and DNA.
In glycolysis/gluconeogenesis, fructose 1,6-bisphosphate aldolases Class II (FBA) was down-regulated in PG3 that was cultured for 35 h compared with 18 h. FBA catalyzes the synthesis of β-D-fructose-1,6-diphosphate from β-D-fructose-6-phosphate as well as the glycerone-phosphate synthesis. These are reversible reactions, and FBAs are critical for supplying downstream metabolic enzymes. Moreover, the substrates and products that Class II FBAs supply are crucial for the survival of any organism (Pegan et al. 2013) .
In the nicotinate and nicotinamide metabolism, putative nicotinate-nucleotide adenylyltransferase catalyzes the reversible synthesis of nicotinamide D-ribonucleotide from nicotinamide adenine dinucleotide NAD(+). NH(3)-dependent NAD(+) synthetase catalyzes the irreversible synthesis of deamino-NAD(+). The up-regulation of these 2 enzymes promotes the generation of NAD.
Dihydrolipoamide dehydrogenase (EC 1.8.1.4) is an oxidoreductase that acts on sulfur groups in donors, with NAD(+) or NADP(+) as acceptors. This enzyme is central in the pyruvate metabolism and produces acetyl-CoA, which is necessary for many other pathways including the metabolism of fatty acids.
The enzymes that are involved in different metabolic growth stages of PG3 are rarely reported. This study has a significant reference value because it provides a theoretical basis for the Mmc medium optimization. For example, addition of the enzymes whose genes are not/low expressed but critical for Mmc metabolism in culture media.
Conclusion
This is the comprehensive transcriptomic study on Mmc by applying high-throughput sequencing technology. The present transcriptome data provide valuable resources for the discovery of novel genes and put up a platform for further studying and understanding of the Mmc metabolism. It identified four crucial enzymes for Mmc metabolism, included cytidylate kinase, fructose 1,6-bisphosphate aldolases Class II, nicotinate-nucleotide adenylyltransferase and dihydrolipoamide dehydrogenase. The results will serve as a reference for the better understanding of mycoplasma metabolic pathways at RNA level. This paper aimed at optimizing current mycoplasma culture media, increasing diagnostic sensitivity of isolation methods or shortening the growing time of mycoplasmas.
